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a b s t r a c t
Purkinje cells of the developing cerebellum secrete the morphogen sonic hedgehog (SHH), which is
required to maintain the proliferative state of granule cell precursors (GCPs) prior to their differentiation
and migration to form the internal granule layer (IGL). Despite a wealth of knowledge regarding the
function of SHH during cerebellar development, the upstream regulators of Shh expression during this
process remain largely unknown. Here we report that the murine short stature homeobox 2 (Shox2) gene
is required for normal Shh expression in dorsal-residing Purkinje cells. Using two different Cre drivers,
we show that elimination of Shox2 in the brain results in developmental defects in the inferior colliculus
and cerebellum. Speciﬁcally, loss of Shox2 in the cerebellum results in precocious differentiation and
migration of GCPs from the external granule layer (EGL) to the IGL. This correlates with premature bone
morphogenetic protein 4 (Bmp4) expression in granule cells of the dorsal cerebellum. The size of the
neonatal cerebellum is reduced in Shox2-mutant animals, which is consistent with a reduction in the
number of GCPs present in the EGL, and could account for the smaller vermis and thinner IGL present in
adult Shox2mutants. Shox2-mutant mice also display reduced exploratory activity, altered gait and
impaired motor coordination. Our ﬁndings are the ﬁrst to show a role for Shox2 in brain development.
We provide evidence that Shox2 plays an important role during cerebellar development, perhaps to
maintain the proper balance of Shh and Bmp expression levels in the dorsal vermis, and demonstrate that
in the absence of Shox2, mice display both cerebellar impairments and deﬁcits in motor coordination,
ultimately highlighting the importance of Shox2 in the cerebellum.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The cerebellum is essential for ﬁne motor control and motor
learning (Manto and Jissendi, 2012), and is comprised of more
neurons than the remaining brain combined largely due to the
number of granule cells present in the cerebellar cortex (Herculano-
Houzel, 2009). Normal development of the cerebellum is largely
dependent on the correct balance of proliferation and differentia-
tion of the granule cell precursors (GCPs) of the external granule
layer (EGL), in addition to proper Purkinje cell maturation and
elaboration. The development of cerebellar granule and Purkinje
cells is closely connected, as both cell types rely upon the other
during development (Carletti et al., 2008; Goldowitz and Hamre,
1998). Starting at approximately embryonic day 17.5 (E17.5) in mice,
Purkinje cells located just below the EGL secrete the morphogen
sonic hedgehog (SHH) to stimulate the proliferation of the GCPs
(Corrales et al., 2004; Lewis et al., 2004). Bone morphogenetic
proteins 2 and 4 (BMP2/4) antagonize the SHH signal to initiate GCP
differentiation and their subsequent migration through the Purkinje
cell layer to form the internal granule layer (IGL) (Angley et al.,
2003; Rios et al., 2004). Disruption of the balance between these
signals can result in medulloblastoma due to the constant activation
of the SHH signal and resulting uncontrolled GCP proliferation
(Grimmer and Weiss, 2008; Zhao et al., 2008). Despite the pivotal
function of SHH in cerebellar development, the upstream regulators
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/developmentalbiology
Developmental Biology
http://dx.doi.org/10.1016/j.ydbio.2014.12.013
0012-1606/& 2014 Elsevier Inc. All rights reserved.
n Corresponding author. Fax: þ1 403/289 9311.
nn Corresponding author. Fax: þ1 403/270 0737.
E-mail addresses: kurrasch@ucalgary.ca (D.M. Kurrasch),
jacobb@ucalgary.ca (J. Cobb).
Developmental Biology 399 (2015) 54–67
that establish and/or maintain the Shh expression pattern in this
brain region are only just starting to be uncovered (Gold et al.,
2003; Wang et al., 2011; Xenaki et al., 2011). In addition, while a
number of studies have demonstrated that BMP signaling can
antagonize SHH-mediated GCP proliferation (Grimmer and Weiss,
2008; Rios et al., 2004), the signals responsible for the correct
timing and proper balance of cerebellar GCP proliferation and
granule cell differentiation have yet to be elucidated.
In mice, the short stature homeobox 2 (Shox2) gene is required
for the proper development of the proximal limbs (Bobick and
Cobb, 2012; Cobb et al., 2006; Vickerman et al., 2011), palate
(Yu et al., 2005), temporomandibular joint (Gu et al., 2008),
sinoatrial node in the heart (Blaschke et al., 2007; Espinoza-
Lewis et al., 2009), and the mechanosensory neurons of the dorsal
root ganglia (Scott et al., 2011). However, a function for Shox2 in
the brain has not yet been described. Mutations or deﬁciencies in
the closely related human SHOX (hSHOX) gene cause the limb
abnormalities associated with Turner syndrome, Léri-Weil dys-
chondrosteosis and Langer mesomelic dysplasia (Blaschke and
Rappold, 2006). As mice only possess the Shox2 gene, mouse
Shox2 (mShox2) apparently assumes the function of both hSHOX
and hSHOX2. We suspected a function for Shox genes during brain
development as our previous study identiﬁed similar evolutiona-
rily conserved hindbrain enhancers downstream of hSHOX and
mShox2 (Rosin et al., 2013). In the current study we show that
conditional inactivation of Shox2 in the brain results in develop-
mental defects speciﬁcally within the cerebellum. Our ﬁndings
support a role for Shox2 in the control of Shh expression levels in
Purkinje cells, particularly in the developing dorsal cerebellum.
Materials and methods
Mouse lines
To generate conditional Shox2 knockout animals, mice harbor-
ing Nestin-Cre or En2-CreERT2 (Sgaier et al., 2005; Tronche et al.,
1999), in addition to a wild-type and deleted Shox2 allele, were
crossed to mice carrying two ﬂoxed Shox2 alleles (Cobb et al.,
2006). Shox2-mutant animals were positive for Cre and carried one
deleted and one ﬂoxed Shox2 allele (Nestin-Cre; Shox2ﬂox/ or En2-
CreERT2; Shox2ﬂox/). Control animals carried either one or two
functional copies of Shox2 (e.g. Nestin-Cre; Shox2ﬂox/þ , Shox2ﬂox/
þor Shox2ﬂox/), as no changes in the gross morphology of the
brain were observed in heterozygotes. We designated embryonic
day 0.5 (E0.5) to be noon on the day a plug was detected.
Tamoxifen (Sigma-Aldrich T5648) was administered via IP injec-
tion on E9.5 (1 mg/10 g body weight, dissolved in corn oil (Sigma-
Aldrich C8267)), unless otherwise stated (see Figs. S3 and 6). Mice
were maintained on a mixed C57BL/6-129/Sv background, with
the exception of experiments that involved tamoxifen, where we
crossed in CD1 to increase litter size. Mice harboring the deleted
and ﬂoxed Shox2 alleles were described previously (Cobb et al.,
2006), while mice carrying the Nestin-Cre, En2-CreERT2 and
Rosa26-lacZ reporter transgenes were from the Jackson Laboratory
(Bar Harbor, ME), and described previously (Sgaier et al., 2005;
Soriano, 1999; Tronche et al., 1999). The Life and Environmental
Sciences Animal Care Committee approved all experiments per-
formed at the University of Calgary. Experiments were conducted
on three animals of a particular genotype at each gestational and
postnatal time point described, unless otherwise stated.
Histochemical staining and immunohistochemistry
Embryos and postnatal brains were collected while in ice-cold
phosphate-buffered saline (PBS), and ﬁxed in 4% paraformaldehyde
(PFA) overnight at 4 1C. Adult brains were dissected after intracardiac
perfusion with PBS, followed by 4% PFA, and ﬁxed in 4% PFA
overnight at 4 1C. The tissue was washed in PBS and equilibrated in
30% sucrose/PBS overnight at 4 1C. Specimens were embedded in
Tissue Freezing Medium (TFM, Triangle Biomedical Sciences) and
cryosectioned (16–25 μm sections). Hematoxylin and eosin (H&E)
staining (Oklahoma Medical Research Foundation (OMRF) H&E
Protocol) was performed on cryosections. For immunohistochemistry
(IHC), cryosections were rehydrated in PBS, washed with PBT (PBS
with 0.1% Triton-X), blocked using 5% normal goat serum (NGS) for
1 h at room temperature (RT), and exposed to either anti-Shox2
(1:200, Santa Cruz Biotechnology), anti-Tuj1 (1:400, Covance), anti-
cleaved active-Caspase-3 (1:400, BD Pharmingen), anti-NeuN (1:400,
Millipore), anti-Pax6 (1:4, DSHB), anti-Calb1 (1:1000, Swant Inc.) or
anti-Calb D-28K (1:1000, Millipore) at 4 1C overnight. Slides were
then washed with PBT and exposed to secondary antibody (1:200,
Alexa 488 donkey-anti-mouse, Alexa 488 goat-anti-rabbit, Alexa 546
goat-anti-rabbit, or Alexa 555 goat-anti-mouse, Life Technologies) for
2 h at RT. Sections were mounted using Aqua Poly/Mount (Poly-
sciences Inc.). Fluorescent IHC images were captured on a Zeiss
LSM710 confocal microscope. Brightness and/or contrast of the entire
image was adjusted using Adobe Photoshop CS5.1 if deemed
appropriate.
Golgi staining
Adult brains were dissected after intracardiac perfusion with
0.9% saline and placed in Golgi–Cox solution (Glaser and Van der
Loos, 1981) in the dark at RT for 10 days. The brains were then
placed in 30% sucrose/PBS for 5 days at RT. Using a vibratome,
100 μm sections were cut and placed on gelatinized slides, and
stored in a humidity chamber for 2 days. Slides were placed in a
glass staining tray and processed following the procedure outlined
by Gibb and Kolb (1998), with modiﬁcations made for mouse
brain. The tissue was mounted using permount and allowed to dry
for 1 week before the Purkinje cells were photographed. A total of
10 cerebellar Purkinje cells per adult animal (90–100 days old) of a
particular genotype were traced and analyzed for dendritic
branching health by Sholl analysis. These values were used to
calculate an average branch index for each animal (see Fig. S6).
In situ hybridization
Whole-mount in situ hybridization (WISH) with a riboprobe was
previously described (Cobb and Duboule, 2005). In situ hybridization
(ISH) on cryosections was previously described (Cobb et al., 2006).
The Shox2 (Cobb and Duboule, 2005), Fgf8 (Crossley and Martin,
1995), Wnt1 (Parr et al., 1993), Bmp4 (Bitgood and McMahon, 1995),
Shh (Echelard et al., 1993) and Pax6 (Stenman et al., 2003) riboprobes
have been described elsewhere. cDNA fragments for riboprobe
production were cloned by RT-PCR from a pooled cDNA sample
produced from E10.5, E12.5, E14.5, E16.5 and E18.5 brain RNA. PCR
primers used for generating the Ptch1 riboprobe are as follows: Fwd:
GGGAGGAAATGCTGAATAAAGCC and Rev: CCAGGAGGAAGACATCA
TCCACAC, while the primers used for generating the Calb1 riboprobe
were obtained from the Allen brain atlas website (http://www.
brain-map.org), and the primers used for generating the Ccnd1
riboprobe were obtained from the GenePaint website (http://www.
genepaint.org). DIG labeled riboprobes were detected with an
AP-conjugated anti-DIG antibody (Roche) and BM Purple AP (Roche)
was used as the color development substrate. All samples used for
comparison were processed together and developed for identical
times. Following staining, tissue sections were mounted using Aqua
Poly/Mount (Polysciences Inc.). ISH images were taken with a Leica
MZ12.5 stereomicroscope using the associated Leica software.
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Brightness and/or contrast of the entire image was adjusted using
Adobe Photoshop CS5.1 if deemed appropriate.
RNA isolation and gene expression analysis
Embryonic brain tissue from the mesencephalon and rhom-
bencephalon was collected from E12.5 embryos that were dis-
sected in ice-cold PBS. The tissue was placed in RNALater (Qiagen)
and stored at 20 1C until extraction. Total RNA was isolated from
brain tissue using E.Z.N.A. Total RNA Kit I (Omega Bio-Tek,
Norcross, GA). cDNA was synthesized using qScript cDNA Super-
mix (Quanta BioSciences, Gaithersburg, MD). Transcript levels
were measured by quantitative PCR (qPCR) using PerfeCTa SYBR
Green FastMix for iQ (Quanta BioSciences) and an iCycler iQ Real
Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA).
We calculated relative Shox2 transcript levels using a standard
curve, and normalized to relative mRNA levels of 18s (Fwd:
GGACCAGAGCGAAAGCATTTG, Rev: GCCAGTCGGCATCGTTTATG)
(Pernot et al., 2010), Tbp (Fwd: CCGTGAATCTTGGCTGTAAACTTG,
Rev: GTTGTCCGTGGCTCTCTTATTCTC) (Pernot et al., 2010), and B2m
(Fwd: CCGAACATACTGAACTGC, Rev: AGAAAGACCAGTCCTTGC)
(Thal et al., 2008).
Behavioral testing
Motor behavior was tested at 40–50 (adolescent) and 90–100
(adult) days of age using the same 12 male mice (8 Control and 4
En2-CreERT2; Shox2ﬂox/ animals). At both time points testing was
conducted over 5 days, with at least 24 h between each test. The
tests were conducted in the order presented below.
Open ﬁeld analysis
Locomotion was assessed by observing the activity of mice in a
circular open ﬁeld (1.2 m in diameter with walls 35 cm high,
constructed of white ﬁberglass). Mice were placed individually
into the center of the ﬁeld and allowed to explore for 5 min. The
activity of the mice in the ﬁeld was recorded using a movement
tracking system (HVS Image 2020 Plus) connected to a camera
mounted above the ﬁeld. Total distance travelled, the percentage
of time active (deﬁned as having a speed greater than 0.025 m/s),
and average speed while active was quantiﬁed. The mean scores
þ/ S.E.M. were plotted.
Gait analysis
Gait analysis was performed using the footprint method. A
single training trial was ﬁrst conducted for each mouse to
encourage it to travel along a narrow, white-painted alley (40 cm
long, 4 cmwide) to reach a dark enclosure. For the subsequent test
trial, a strip of white paper was placed on the ﬂoor of the alley and
the paws of the mouse were dipped in non-toxic ink to visualize
its stepping pattern. Different colors were used for the fore- and
hindpaws (forepaws in red and hindpaws in blue). Excluding the
ﬁrst and last set of footprints, the average distance calculated over
4 forepaw prints and 4 hindpaw prints were us3ed for each animal
when determining base width (distance between right and left
limb strides). Both left-to-right and right-to-left stride width was
used during analysis. The mean scores þ/ S.E.M. were plotted.
Rotarod testing
The rotarod is a test of motor ability in which the animal must
continuously walk and maintain its balance on a rotating cylinder.
The apparatus consisted of a 10 cmwide lane with a cylinder, 3 cm
in diameter, elevated to a height of 28 cm. Testing was organized
into 3 blocks of 3 trials conducted over 2 days. For each trial block,
a different rotational speed was used: 5 rotations per minute
(rpm) on the morning of day 1, 10 rpm on the afternoon of day 1,
and 15 rpm on the morning of day 2. Within each block, the inter-
trial interval was at least 30 min. For each trial, the mouse was
placed on the moving cylinder facing against the direction of
rotation, and the latency to fall was recorded. If the mouse fell
within 5 s then the trial was immediately restarted. If the mouse
fell three consecutive times within 5 s, then the trial was termi-
nated and the longest of the three times was recorded. The
maximum length of each trial was 180 s. For each animal, the
score (latency before falling) for three trials was plotted, and the
mean scores þ/ S.E.M. were calculated.
MicroCT imaging
P0 brains were collected in ice-cold PBS and ﬁxed in 4% PFA/5%
gluteraldehye at 4 1C. P30 brains were dissected after intracardiac
perfusion with PBS, followed by 4% PFA, and ﬁxed in 4% PFA/5%
gluteraldehye at 4 1C. Prior to imaging, P0 brains were placed in
Cysto Conray II (tyco Healthcare, Montreal Quebec) for 10 h at RT,
while P30 brains remained in this contrasting reagent for 18 h. All
microCT images were produced with a Scanco μ35 at the Uni-
versity of Calgary with 45 kVp/177 μA and 0.015 mm voxel dimen-
sions (15 μm). External surface representations of the cerebellum
and other surrounding brain tissues were produced with Scanco
(Brüttisellen, Switzerland) reconstruction software using mini-
mum thresholds. Figure images were created using MeshLab
(Visual Computing Lab-ISTI-CNR http://meshlab.sourceforge.net)
(see Figs. 2 and 6).
Quantiﬁcation methods and statistical analysis
Quantitative results for mRNA transcript levels, cell counts,
brain measurements, and behavioral testing are represented by
mean scores þ/ S.E.M. and were analyzed by two-tailed
unpaired t-tests using Prism 3 for Macintosh (GraphPad Software,
La Jolla, CA). We also used an f-test to conﬁrm equality of variance
and assure that the assumptions of the t-test were met in Prism.
Results
Shox2 mRNA and protein localization during mouse brain
development
We suspected a role for Shox2 in the brain when our previous
studies showed that enhancers downstream of human SHOX and
mouse Shox2 drove transgene expression in the brain (Rosin et al.,
2013); here, we examined the expression of Shox2 in the devel-
oping mouse brain. At embryonic day 10.5 (E10.5) Shox2 was
expressed in the diencephalon, mesencephalon and rhombence-
phalon (Fig. 1A–A0). Shox2 continued to be expressed in the
diencephalon and mesencephalon at E12.5 (Fig. 1B), and could
be seen in the developing superior and inferior colliculi, isthmus
and the cerebellar primordium (Fig. 1B–B0, arrow), in addition to
the prepontine hindbrain (Fig. 1B). Postnatally (P0 and P3) Shox2
expression was maintained in the superior and inferior colliculus,
in addition to the isthmus (Fig. 1C and D). Shox2 was also detected
in a distinct layer of cells beneath the EGL in the postnatal
cerebellum (Fig. 1C0–D0, arrows), which were shown to express
the Purkinje cell marker calbindin 1 (Calb1) in serial sagittal
sections of the adult cerebellum (compare Fig. 1E and F, arrows)
in accordance with Shox2 ISH data available on the Allen Brain
Atlas database (Fig. S1A and B; http://developingmouse.brain-
map.org/). To determine if Shox2 was exclusively expressed in
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differentiated neuronal populations of the isthmus and cerebellar
primordium, we labeled E12.5 sagittal sections with SHOX2 and
compared them to sections labeled with the broad post-mitotic
marker TUJ1, which showed that SHOX2 was localized to post-
mitotic neurons in the isthmus and cerebellar primordium (com-
pare Fig. 1G and Fig. S1C, arrows). To determine if Shox2 was
indeed expressed in cerebellar Purkinje cells, we labeled P1, P3, P5
and P7 sagittal sections with a SHOX2 antibody. SHOX2 was
present in cerebellar Purkinje cells at all time points examined
(Fig. 1H–K, white arrows). The cells labeled by the SHOX2 antibody
were readily identiﬁable as Purkinje cells by their location just
below the molecular layer and by their characteristic formation of
a monolayer between P1 and P7 (Fig. 1H–K). The molecular
identity of the cells was further conﬁrmed by co-labeling experi-
ments using SHOX2 and the Purkinje cell marker CALB1 at P3
(Fig. 1L–N, arrows).
Nestin-Cre Shox2-mutant mice exhibit morphological defects in the
postnatal inferior colliculus and cerebellum
To determine the functional role of Shox2 in the brain, we ﬁrst used
Nestin-Cre (Tronche et al., 1999) to delete the Shox2 gene condition-
ally in neural tissue throughout the central nervous system (CNS)
(Fig. S2A). We crossed Nestin-Cre; Shox2þ / mice with Shox2ﬂox/ﬂox
mice (Cobb et al., 2006) to obtain conditional mutant Nestin-Cre;
Shox2ﬂox/ embryos and neonates. Shox2 expression was eliminated in
the brain of E12.5 Nestin-Cre Shox2-mutant embryos (Fig. S2C–F,
arrows). qPCR comparison of relative Shox2 mRNA transcript levels
from mesencephalon/rhombencephalon tissue (Fig. S2I, inset)
collected from E12.5 Nestin-Cre; Shox2ﬂox/ and littermate control
embryos demonstrated that only 6% of Shox2 transcripts were
maintained in Nestin-Cre Shox2-mutant embryos (Fig. S2I; control
n¼3, Nestin-Cre; Shox2ﬂox/ n¼3 embryos, p¼0.0003). All Nestin-Cre
Shox2-mutant pups died between 18 to 26 h following birth, ulti-
mately preventing our characterization of Shox2 function during later
postnatal and adult stages.
To bypass the early postnatal lethality of Nestin-Cre Shox2
mutants, we used the tamoxifen inducible En2-CreERT2 line
(Sgaier et al., 2005) to eliminate Shox2 function speciﬁcally from
the posterior mesencephalon and rhombomere 1, in addition to
the embryonic and adult cerebellum (Fig. S2B). We crossed En2-
CreERT2; Shox2þ / mice with Shox2ﬂox/ﬂox mice and administered
tamoxifen at E9.5 (1 mg/10 g) (Sgaier et al., 2005) to obtain
conditional mutant En2-CreERT2; Shox2ﬂox/ pups and adult ani-
mals. Shox2 expression was lost in the developing inferior colli-
culus and cerebellar primordium in E12.5 En2-CreERT2 Shox2-
mutant embryos (Fig. S2G–H, dashed-box). SHOX2 was also shown
to be lost in Purkinje cells of the cerebellum in P1, P3, P5 and P7
En2-CreERT2 Shox2-mutant sagittal sections (Fig. S2J–Q, arrows).
Elimination of Shox2 in the CNS resulted in gross morphological
defects and a reduction in the size of the inferior colliculus and
cerebellum (Fig. 2). The morphological defects present in Nestin-Cre;
Shox2ﬂox/ animals were ﬁrst apparent in neonates, as we did not
observe any morphological changes at E12.5 or E16.5 (Fig. S3A–D).
The size of the cerebellum was reduced in P0 Nestin-Cre; Shox2ﬂox/
animals, as compared to control littermates (Fig. 2A–B and G–H),
which was particularly obvious following microCT imaging (Fig. 2M–
P). The distance across the cerebellum was smaller in Nestin-Cre;
Fig. 1. Shox2 mRNA expression and protein localization during brain development.
(A–B) In situ hybridization (ISH) on sagittal sections at E10.5 (A–A0) and E12.5 (B–B0) show Shox2 expression in the diencephalon (di), mesencephalon (mes), isthmus
(is, arrows), cerebellar hemisphere (cbh), and the developing superior (sc) and inferior colliculi (ic), in addition to the prepontine hindbrain (pph). (C–E) Early postnatal
(C–D0) and adult (E) ISH for Shox2 on sagittal sections shows expression in the isthmus and the superior and inferior colliculi. Shox2 was also detected in a distinct layer of
cells beneath the EGL (arrows) in the postnatal and adult cerebellum (cb). (F) ISH for Calb1 on a sagittal section of the adult cerebellum marks Purkinje cells (E and F are serial
sections). (G–K) Fluorescent immunohistochemistry (IHC) on E12.5, P1, P3, P5 and P7 sagittal brain sections. (G) SHOX2 localization in the E12.5 mesencephalon, isthmus and
cerebellar primordium. (H–K) SHOX2 localization in Purkinje cells (arrows) in the cerebellum at P1 (H), P3 (I), P5 (J) and P7 (K). (L–N) SHOX2 (L) and CALB1 (M) are
co-expressed in Purkinje cells (N, arrows) at P3. Abbreviations: EGL, external granule layer; ML, molecular layer; PCL, Purkinje cell layer. (A–K) Scale bar¼250 μm. (L–N) Scale
bar¼25 μm.
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Shox2ﬂox/ animals in both whole brains (Fig. 2Q; control n¼3,
Nestin-Cre; Shox2ﬂox/ n¼3 brains, p¼0.0027) and in coronal brain
sections (Fig. 2R; 3 sections per animal, control n¼3, Nestin-Cre;
Shox2ﬂox/ n¼3 animals, po0.0001). In addition, we observed a
decrease in folia depth between Nestin-Cre Shox2-mutant pups and
control littermates in the cerebellum at both P0 and P1 (Fig. 2E–F and
I–L, arrows). We also observed Shox2 deletion-induced aberrations in
the size and morphology of the inferior colliculus at both P0 and P1
(Fig. 2). Speciﬁcally, the width of the inferior colliculus was reduced in
Nestin-Cre Shox2-mutant animals as compared to control littermates
(Fig. 2I–L, line with arrowheads), and overall structural features were
lost (Fig. 2C–D, arrows); the inferior colliculi present in Shox2-mut-
ant animals were smooth with a markedly larger fourth ventricle
(Fig. 2C–D, dashed circle). On average, the width of the inferior
colliculus of P0 Nestin-Cre Shox2-mutant animals was 21% smaller
than controls (Fig. 2S; 3 sections per animal, control n¼3, Nestin-Cre;
Shox2ﬂox/ n¼3 animals, p¼0.0002). Changes in the morphology or
size of other brain structures, excluding the inferior colliculus and
cerebellum, were not obvious between Nestin-Cre Shox2-mutant
animals and control littermates (Fig. S4).
Subtle changes in the isthmic organizer are unlikely to account for the
morphological defects apparent in Nestin-Cre; Shox2ﬂox/ animals
The isthmic organizer is essential for the proper growth, develop-
ment and patterning of the inferior colliculus and cerebellum, how-
ever malformations resulting from disruption of the isthmus can vary
in severity depending on the developmental time at which speciﬁc
regulatory factors are lost (Sato and Joyner, 2009). Given the results
above, we assayed for changes in the expression of isthmic organizer
genes known to be crucial for proper cerebellum development. In
particular, expression of ﬁbroblast growth factor 8 (Fgf8) and wingless-
type MMTV integration site family member 1 (Wnt1), two of the best-
characterized isthmus signals. We observed subtle changes in the
expression of Fgf8 and Wnt1 in the isthmus from E10.5 to E12.5 in
Nestin-Cre Shox2 mutants (Fig. 3A–D, arrows, Fig. S3G–R, dashed
bracket and arrows). In contrast, removal of Shox2 function at E12.5
and at E15.5 in En2-CreERT2; Shox2ﬂox/ animals, following the critical
window during which the isthmus contributes to patterning and
development, resulted in the same phenotypic changes as removing
Shox2 function at E9.5 (compare Fig. S3S–V and Fig. 6K–L, described
further below). This would suggest that Shox2 plays a role in the
embryonic cerebellar primordium independent of the isthmic organi-
zer; however, considering a number of other signaling molecules play
prominent roles in the isthmus, such as Fgf17/18, En1 and paired box 2
(Pax2), further analysis is required. Taken together, this suggests that
the morphological defects apparent in the inferior colliculus and
cerebellum of Nestin-Cre; Shox2ﬂox/ animals cannot fully be accounted
for by disruptions in the isthmic organizer.
Morphological defects apparent in the cerebellum of Nestin-Cre;
Shox2ﬂox/ animals do not result from elevated apoptosis
We next investigated whether increases in apoptosis could
account for the morphological and size defects observed in Nestin-
Cre; Shox2ﬂox/ mutant brains. We found no change in the number
Fig. 2. Conditional loss of Shox2 in the brain results in morphological defects in the postnatal inferior colliculus and cerebellum. (A and B) Representative P0 mouse
brains from control (A) and Nestin-Cre; Shox2ﬂox/ (B) pups (control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). (C–H) Hematoxylin and eosin (H&E) stained coronal sections of P0 control (C,
E and G) and Nestin-Cre; Shox2ﬂox/ (D, F and H) pup brains, where (C and D) are located rostral to (G, H; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). (I–L) H&E stained P0 (I and J) and
P1 (K and L) sagittal sections through the vermis of control (I and K) and Nestin-Cre; Shox2ﬂox/ (J and L) cerebella (control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). (M–P) Representative
P0 mouse brain microCT images from control (M and O) and Nestin-Cre; Shox2ﬂox/ (N and P) pups, where (M and N) are looking down on the brain dorsally and (O and P) are
caudal images of the brain (control n¼4, Nestin-Cre; Shox2ﬂox/ n¼3). In A to B, red line¼width of mutant cerebellum; C to D, dashed circle¼size of mutant ventricle; G to H, black
line with arrowheads¼width of mutant cerebellum; I to J, line with arrowheads¼width of mutant inferior colliculus; K to L, line with arrowheads¼depth of mutant folia; M to P,
black dashed line¼width of mutant cerebellum. (Q) Distance across P0 control and Nestin-Cre; Shox2ﬂox/ cerebella (see A and B), displayed as % (plotted values are the mean þ/
S.E.M, control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3, p¼0.0027). (R) Distance across P0 control and Nestin-Cre; Shox2ﬂox/ cerebellar coronal sections (see G and H), displayed as %
(plotted values are the mean þ/ S.E.M from 3 sections per animal, control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3, po0.0001). (S) Distance across P0 control and Nestin-Cre; Shox2ﬂox/
inferior colliculi sagittal sections (see I and J), displayed as % (plotted values are the mean þ/ S.E.M from 3 sections per animal, control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3,
p¼0.0002). Abbreviations: cb, cerebellum; ic, inferior colliculus; mb, midbrain; ABL, anterobasal lobe; ADL, anterodorsal lobe; CEL, central lobe; POS, posterior lobe; INL, inferior
lobe. Scale bar¼500 μm.
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of apoptotic cells present at E11.5, E12.5 or P0 in the cerebellum of
Shox2 mutants (Fig. 3E–H, Fig. S3E–F); however, at P0 elevated
apoptosis was detected in the superior and inferior colliculi of
Shox2-mutant brains (Fig. 3I–J, arrows). We observed an 6.7-fold
increase in the number of cleaved active-CASP3þ cells in the
inferior colliculus of Nestin-Cre; Shox2ﬂox/ animals as compared to
Fig. 3. Nestin-Cre driven conditional Shox2-deletion results in subtle changes in expression of isthmic organizers but no obvious changes in cell death in the
cerebellum.
(A–D) ISH for Fgf8 (A and B) and Wnt1 (C and D) on E12.5 sagittal sections through control (A and C) and Nestin-Cre; Shox2ﬂox/ (B and D) embryos (control n¼3, Nestin-Cre;
Shox2ﬂox/ n¼3). (E–H) Cleaved active-CASP3 immunostaining on E12.5 (E and F) and P0 (G and H) control (E and G) and Nestin-Cre; Shox2ﬂox/ mutant (F and H) cerebellar
sagittal sections (control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). (I and J) Cleaved active-CASP3 immunostaining on P0 control (I) and Nestin-Cre; Shox2ﬂox/ mutant (J) sagittal
sections through the superior and inferior colliculi. (K) Quantiﬁcation of the number of cleaved active-CASP3þ cells present in the inferior colliculi (see I and J) of control and
Nestin-Cre; Shox2ﬂox/ pups (plotted values are the mean þ/ S.E.M, control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3, p¼0.0008). Abbreviations: is, isthmus; cbh, cerebellar
hemisphere; cb, cerebellum; sc, superior colliculus; ic, inferior colliculus. Scale bar¼250 μm.
Fig. 4. Loss of Shox2 in the brain results in down-regulation of Shh signaling in the postnatal cerebellum. (A–J) ISH on P0 control (A, C, E, G and I) and Nestin-Cre;
Shox2ﬂox/ (B, D, F, H and J) sagittal sections shows changes in Shh expression (compare A to B, arrows; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4), Ptch1 expression (compare
C to D, arrows; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3), Ccnd1 expression (compare E to F, arrows; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3), Bmp4 expression (compare G
to H, arrows; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4) and Pax6 expression (compare I to J, arrows; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4) in the cerebellum. (A0–H0) ISH
on P0 control (A0 , C0 , E0 and G0) and Nestin-Cre; Shox2ﬂox/ (B0 , D0 , F0 and H0) sagittal sections shows down-regulation of Shh expression (compare A0 to B0 , arrows), Ptch1
expression (compare C0 to D0 , arrows) and Ccnd1 expression (compare E0 to F0 , arrows), and up-regulation of Bmp4 expression (compare G0 to H, arrows) in the posterior lobe
(POS) of the cerebellum. (K, L) Calb1 expression in P0 control (K) and Nestin-Cre; Shox2ﬂox/ (L) sagittal cerebellar sections (control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3).
(M) Diagram displaying changes in Shh, Ptch1 and Bmp4 expression in control and Nestin-Cre; Shox2ﬂox/ P1 sagittal cerebellar sections. (N) Diagram outlining changes in GCP
and granule cell organization in control and Nestin-Cre; Shox2ﬂox/ P1 sagittal cerebellar sections based on Pax6 and Calb1 expression patterns. Abbreviations: ABL,
anterobasal lobe; ADL, anterodorsal lobe; CEL, central lobe; INL, inferior lobe; EGL, external granule layer; PCL, Purkinje cell layer. Scale bar¼250 μm.
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controls (Fig. 3K; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3,
p¼0.0008). This suggests that while the morphological defects
apparent in the cerebellum of Nestin-Cre; Shox2ﬂox/ animals do
not result from increased cell death, apoptosis likely contributes to
the size reduction and structural malformations apparent in the
inferior colliculi in Nestin-Cre; Shox2ﬂox/ animals.
Shox2 is required for proper Shh expression in dorsal-residing
Purkinje cells of the postnatal cerebellum
Given that the morphological defects present in Nestin-Cre;
Shox2ﬂox/ animals begin to appear in neonates, and since we did
not observe any severe changes in gene expression in the isthmus
or cell death in the cerebellum, we next focused on signaling
molecules that are known to play an important role during
postnatal cerebellum growth and development. Since SHOX2 is
present in Purkinje cells located just below the EGL that secrete
the morphogen SHH to stimulate the proliferation of the GCPs and
play an important role in the postnatal growth of the cerebellum
(Corrales et al., 2004; Lewis et al., 2004), we examined Shh
expression in the cerebellum of Nestin-Cre Shox2-mutant animals.
Shh expression was down-regulated in Purkinje cells in the vermis
of P0 Nestin-Cre Shox2-mutant cerebella, particularly in dorsal-
residing Purkinje cells in the central lobe (CEL) and posterior lobe
(POS) (Fig. 4A–B0, arrows; control n¼4, Nestin-Cre; Shox2ﬂox/
n¼4). Patched 1 (Ptch1) expression, also a readout for SHH
signaling, was likewise found to be down-regulated in Purkinje
cells and in GCPs of the EGL in Nestin-Cre Shox2-mutant animals,
again most prominently in the dorsal cerebellum (Fig. 4C–D0,
arrows; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). Because SHH
signaling is required for proliferation of the GCPs in the EGL, we
examined whether disruption of Shh expression inﬂuenced
expression of the cell-cycle gene cyclin D1 (Ccnd1). Ccnd1 was
also down-regulated in GCPs of the EGL in the vermis of the dorsal
cerebellum (Fig. 4E–F0, arrows; control n¼3, Nestin-Cre; Shox2ﬂox/
n¼3). Since BMP2/4 stimulate GCP differentiation and migration
(Angley et al., 2003), and as Col2a1-Cre driven Shox2-deletion has
previously been shown to result in the up-regulation of Bmp4
expression in the limbs (Bobick and Cobb, 2012), we next exam-
ined the expression of Bmp4 in the cerebellum of Nestin-Cre;
Shox2ﬂox/ animals. Bmp4 expression was up-regulated in the
EGL and in cells migrating inwards through the Purkinje cell layer,
which were presumably post-mitotic granule cells in the vermis of
the dorsal cerebellum in Nestin-Cre Shox2-mutant animals
(Fig. 4G–H0, arrows; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4).
Similar changes in Shh and Bmp4 expression were also apparent in
En2-CreERT2; Shox2ﬂox/ cerebella (Fig. S5A–D).
Because Shox2-mutant neonates display cerebellar growth
defects, and since Shox2 appears to be required for proper Shh
and Bmp4 expression levels, we next examined the organization of
GCPs, granule cells and Purkinje cells in the cerebellum of Shox2-
mutant animals. Calbindin 1 (Calb1) expression in Purkinje cells
was comparable between Nestin-Cre Shox2-mutant animals and
control littermates (Fig. 4K–L, arrows; control n¼3, Nestin-Cre;
Shox2ﬂox/ n¼3). Expression of paired box 6 (Pax6), which marks
GCPs and granule cells, was altered in Shox2-mutant cerebella as
compared to controls (Fig. 4I–J, arrows; control n¼4, Nestin-Cre;
Shox2ﬂox/ n¼4). Unlike in P0 control cerebellar sagittal sections,
where Pax6 is most strongly expressed in GCPs of the EGL (Fig. 4I),
Nestin-Cre Shox2-mutant cerebellar sagittal sections display Pax6
expression both in GCPs of the EGL and in a distinct layer of cells
below the EGL where post-mitotic granule cells are normally
located at later neonatal time points (Fig. 4J, arrows). Expression
of the genes depicted in Fig. 4 were similar a day later (P1) and the
results of this time point are summarized in Fig. 4M–N. These
diagrams demonstrate that the morphological defects present in
Nestin-Cre; Shox2ﬂox/ animals become more pronounced at P1;
however, the disruption to signaling molecules and cellular
organization continues to be localized to the dorsal cerebellum,
particularly the CEL and POS lobes (Fig. 4M and N). In general,
changes in expression of Shh, Ptch1, Ccnd1, Bmp4 and Pax6 were
most prominent in the CEL and POS lobes of the developing
cerebellum (Fig. 4).
Precocious differentiation and migration of GCPs from the EGL to the
IGL in the dorsal cerebellum of NestinCre; Shox2ﬂox/ mutant animals
In order to test the notion that Shox2-deletion results in
precocious differentiation and migration of GCPs from the EGL
inward to the IGL, and to quantify the number of post-mitotic
granule cells present within the cerebellum of Nestin-Cre Shox2-
mutant animals, we labeled P1 cerebellar sagittal sections with the
pan-neuronal marker NeuN, which labels all post-mitotic neurons
with the exception of Purkinje cells (Mullen et al., 1992). As Nestin-
Cre Shox2-mutant pups normally die between 18 and 26 h following
birth, P1 brains were only collected from Nestin-Cre Shox2-mutant
pups that were pink, appeared healthy and were moving in a
manner comparable to control littermates. Nestin-Cre Shox2-mutant
cerebella displayed signiﬁcantly more NeuNþ cells between the
EGL and the IGL in the vermis of the dorsal cerebellum as compared
to control littermates (Fig. 5A–C; control n¼3, Nestin-Cre; Shox2ﬂox/
 n¼3). There was an 7.3-fold increase in the number of post-
mitotic cells in the anterior CEL of the cerebellum in Nestin-Cre
Shox2-mutant animals (Fig. 5C; control n¼3, Nestin-Cre; Shox2ﬂox/
n¼3, po0.0001) and a 5.8-fold increase in the number of post-
mitotic cells in the posterior CEL in Nestin-Cre Shox2-mutant
cerebella (Fig. 5C; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3,
p¼0.001). We observed similar changes in the number of post-
mitotic cells in the POS lobe of the cerebellum in Nestin-Cre Shox2-
mutant animals (data not shown), suggesting that the GCPs of the
dorsal cerebellum prematurely differentiate and begin migrating
towards the IGL in the absence of Shox2.
CALB1 localization was comparable between Nestin-Cre Shox2-
mutant animals and control littermates (Fig. 5F–G″; control n¼4,
Nestin-Cre; Shox2ﬂox/ n¼4), illustrating normal Purkinje cell speci-
ﬁcation and localization in Shox2 mutants in the early neonatal
cerebellum. In contrast, the granule cell marker PAX6 was detected in
both the EGL and IGL in Nestin-Cre Shox2-mutant animals, as
compared to control cerebella where PAX6 marked the EGL
(Fig. 5D–E″; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4). In addition
to the presence of a distinct PAX6þ IGL in Nestin-Cre Shox2-mutant
animals (Fig. 5E0, bracket), we note a reduction in the thickness or
number of GCPs present in the EGL (compare Fig. 5D0 and E0,
brackets). Taken together, this suggests that the GCPs present in
Shox2-mutant cerebella appear to differentiate and migrate towards
the IGL in an accelerated manner, which may account for the
morphological defects present in Nestin-Cre Shox2-mutant cerebella.
Morphological defects present in the neonatal inferior colliculus and
cerebellum of Shox2-mutant animals continue into adulthood
In order to determine if the foliation defects apparent in the
cerebella of Nestin-Cre Shox2-mutant neonates were present at later
postnatal stages and/or into adulthood, we used the tamoxifen
inducible En2-CreERT2 line to eliminate Shox2 from the developing
inferior colliculus, isthmus and cerebellum. We reasoned that En2-
CreERT2; Shox2ﬂox/ mutant animals would survive into adulthood
since Shox2 expressionwould be maintained in a number of structures
in the developing hindbrain that contribute to the medulla and pons
and are necessary for survival. Themorphological defects present in P1
En2-CreERT2 Shox2-mutant cerebella were similar to what was
observed in Nestin-Cre Shox2-mutant animals (compare Fig. 2I–L and
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Fig. 6A–B; control n¼3, Nestin-Cre; Shox2ﬂox/ and En2-CreERT2;
Shox2ﬂox/ n¼3). Folia depth was quantiﬁed by measuring the height
of the CEL in P1 En2-CreERT2 Shox2-mutant and control cerebella; on
average, En2-CreERT2 Shox2-mutant cerebellar folia were 15% smaller
than control folia (Fig. 6P; 3 sections per animal, control n¼3, En2-
CreERT2; Shox2ﬂox/ n¼3 animals, po0.0001). We observed a reduc-
tion in the overall size of the cerebellum in En2-CreERT2 Shox2-mutant
animals during the ﬁrst three days following birth (Fig. 6A–D; O,
control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3 animals). The cerebellar
size defects subsequently recovered around P5 (Fig. 6E and F), and
En2-CreERT2 Shox2-mutant cerebella were comparable to control
cerebella at P7 (Fig. 6G and H). Adult En2-CreERT2 Shox2-mutant
cerebella grossly appeared to be patterned correctly, as they displayed
the proper number of cerebellar lobules that were correctly organized,
however Shox2-mutant cerebella were smaller than control cerebella
(Fig. 6I–J, O; control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3). On average,
the distance across the dorsal–ventral (DV) axis of Shox2-mutant
cerebella was 10% smaller than that of controls (Fig. 6Q; 3 sections
per animal, control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3 animals,
po0.0001). In addition, the width of the vermis appeared smaller in
En2-CreERT2 Shox2-mutant cerebella, as compared to that of controls,
in whole brain preparations (Fig. 6K–L, dashed-line; control n¼5, En2-
CreERT2; Shox2ﬂox/ n¼4). The width of the vermis also appeared
smaller in En2-CreERT2; Shox2ﬂox/ adult cerebella following tamoxifen
injection later embryonically at E12.5 and E15.5 (Fig. S3S–V), support-
ing a role for Shox2 during later cerebellum development as opposed
to earlier embryonically. This was particularly obvious following
microCT imaging of P30 brains (Fig. 6M–N, dashed-line; control
n¼3, En2-CreERT2; Shox2ﬂox/ n¼3), and the average width of the
vermis found in En2-CreERT2; Shox2ﬂox/ animals was 14% smaller
than that of controls (Fig. 6R; control n¼3, En2-CreERT2; Shox2ﬂox/
n¼3 animals, po0.0001).
Overlaying cerebellar outlines from En2-CreERT2 Shox2-mutant and
control animals starting at P1 and continuing into adult stages
illustrates the phenotypic transformation and subtle changes apparent
in the vermis of Shox2-mutant cerebella as compared to controls
(Fig. 6O), a tool also employed by others (Orvis et al., 2012). The
phenotypic changes we observed between control and En2-CreERT2
Shox2-mutant cerebella were most prominent in the vermis, subtle in
the paravermis, and absent in the cerebellar hemispheres (Fig. S5E–N).
We also report that the inferior colliculi phenotype we had observed
earlier in Shox2-mutant animals persisted and became more pro-
nounced later postnatally (Fig. 6A–H, arrows). The inferior colliculus of
En2-CreERT2 Shox2-mutant animals appeared malformed and was
smaller at all time points examined (Fig. 6A–H, arrows).
The EGL, which is composed of proliferating GCPs, was found to be
thinner in the dorsal cerebellum of Shox2 mutants at all time points
examined between P1 and P7 (Fig. 6S–V0, brackets). Although En2-
CreERT2 Shox2-mutant cerebella were comparable in size to control
cerebella at P5 and P7 (Fig. 6E–H), the EGL continued to be thinner in
Shox2mutants at these postnatal time points (Fig. 6U–V0), demonstrat-
ing a lasting phenotype in Shox2 mutants that is more localized. The
grey matter of the cerebellar cortex, which is beneath the mole-
cular layer and consists mainly of post-mitotic granule cells, was also
found to be thinner in the uvular branch of cerebellar lobule IX in adult
En2-CreERT2 Shox2-mutant cerebella as compared to control littermate
cerebella (Fig. 6I–J, inset, 6W–W0, brackets; control n¼3, En2-CreERT2;
Shox2ﬂox/ n¼3). Similar to the changes we observed in the EGL of
En2-CreERT2 Shox2-mutant animals, the thinner IGL present in adult
En2-CreERT2 Shox2-mutant cerebella was most prominent in the
dorsal cerebellar lobes (data not shown), indicative of premature
GCP pool depletion during early postnatal cerebellar development.
Together, these ﬁndings demonstrate that the cerebellar phenotype
apparent in Shox2-mutant animals persists into adulthood.
Fig. 5. Nestin-Cre driven Shox2-deletion results in premature differentiation and migration of GCPs from the EGL to the IGL. (A–B″) NeuN immunostaining on P1
control (A–A″) and Nestin-Cre; Shox2ﬂox/ (B–B″) sagittal sections of the cerebellum (white box in A and B depicts location of A0 , A″, B0 and B″, respectively; control n¼3,
Nestin-Cre; Shox2ﬂox/ n¼3). (C) Quantiﬁcation of NeuNþ cells in P1 control and Nestin-Cre; Shox2ﬂox/ cerebellar sagittal sections (plotted values are the mean þ/ S.E.M,
control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3, po0.0001 for the anterior CEL, p¼0.001 for the posterior CEL). (D–E″) PAX6 immunostaining on P1 control (D–D″) and Nestin-Cre;
Shox2ﬂox/ (E–E″) sagittal sections of the cerebellum (white box in D and E depicts location of D0, D″, E0 and E″, respectively; control n¼4, Nestin-Cre; Shox2ﬂox/ n¼4). (F–G″)
CALB1 immunostaining on P1 control (F–F″) and Nestin-Cre; Shox2ﬂox/ (G–G″) sagittal sections of the cerebellum (white box in F and G depicts location of F0, F″, G0 and G″,
respectively; control n¼3, Nestin-Cre; Shox2ﬂox/ n¼3). Abbreviations: EGL, external granule layer; IGL, internal granule layer; PCL, Purkinje cell layer; ABL, anterobasal lobe;
ADL, anterodorsal lobe; CEL, central lobe; POS, posterior lobe; INL, inferior lobe. Scale bar¼100 μm.
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En2-CreERT2; Shox2ﬂox/animals display reduced exploratory
activity, wide-based gait and deﬁcits in motor activity
Next, we sought to determine if precocious differentiation and
migration of GCPs manifested into abnormal cerebellar function later
in life. Since morphological defects that disrupt proper cerebellar
development can inﬂuence exploratory activity (Caston et al., 1998;
Coluccia et al., 2004), we subjected En2-CreERT2; Shox2ﬂox/ animals
and controls to open ﬁeld analysis (Fig. 7A–B and F–G). We examined
the distance traveled, active speed, and the percent of time the
Fig. 6. Morphological defects present in the cerebellum of En2-CreERT2; Shox2ﬂox/ animals persist into adulthood. (A–J) H&E stained sagittal sections through the
cerebellum of control (A, C, E, G and I) and En2-CreERT2; Shox2ﬂox/ (B, D, F, H and J) animals at P1 (A and B), P3 (C and D), P5 (E and F), P7 (G and H) and in the adult (I and J;
inset, black line with arrowheads¼width of mutant IGL, uvular branch of cerebellar lobule IX). In A to D, line with arrowheads¼width of mutant inferior colliculus (A–J;
control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3). (K, L) Representative adult mouse brains from control (K) and En2-CreERT2; Shox2ﬂox/ (L) animals (red dashed line¼width of
mutant vermis, black dashed line¼width of control vermis). (M, N) Representative P30 mouse brain microCT images from control (M) and En2-CreERT2; Shox2ﬂox/
(N) animals (control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3). Animals were injected with tamoxifen at E15.5 as opposed to E9.5 (red dashed line¼width of mutant vermis, black
dashed line¼width of control vermis). (O) Overlay of P1, P3, P5, P7 and adult control (black) and En2-CreERT2; Shox2ﬂox/ (red) sagittal cerebellar sections. (P) Depth of the P1
CEL cerebellar fold in control and En2-CreERT2; Shox2ﬂox/ pups (see A and B, black lines), displayed as % (plotted values are the mean þ/ S.E.M from 3 sections per animal,
control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3, po0.0001). (Q) Distance across the dorsal-ventral axis of adult control and En2-CreERT2; Shox2ﬂox/ cerebellar sagittal sections
(see I and J, dashed line), displayed as % (plotted values are the mean þ/ S.E.M from 3 sections per animal, control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3, po0.0001).
(R) Distance across the vermis of P30 control and En2-CreERT2; Shox2ﬂox/ cerebella as measured from microCT scans (see M and N, dashed lines), displayed as % (plotted
values are the mean þ/ S.E.M, control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3, po0.0001). (S–W0) DAPI stained sagittal sections of control (S, T, U, V, and W) and En2-CreERT2;
Shox2ﬂox/ (S0 , T0 , U0 , V0 , and W0) cerebella at P1 (S, S0), P3 (T, T0), P5 (U, U0), P7 (V, V0) and in adults (W, W0). (S–V0) Thickness of the EGL in the central lobe of the cerebellum is
highlighted (yellow brackets; control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3). (W, W0) Thickness of the IGL in the uvular branch of cerebellar lobule IX is highlighted (yellow
brackets; control n¼3, En2-CreERT2; Shox2ﬂox/ n¼3). Abbreviations: ic, inferior colliculus; ABL, anterobasal lobe; ADL, anterodorsal lobe; CEL, central lobe; POS, posterior
lobe; INL, inferior lobe; EGL, external granule layer; IGL, internal granule layer. Scale bar¼500 μm (A–L), scale bar¼100 μm (S-W0).
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animals were immobile over a ﬁve-minute period of testing. Adoles-
cent (40–50 days old) En2-CreERT2 Shox2-mutant animals were found
to travel 1.5-fold less than controls during open ﬁeld analysis
(Fig. 7C; control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, p¼0.0054). On
average, adolescent En2-CreERT2; Shox2ﬂox/ animals traveled at
speeds that were 1.4-fold slower than that of control animals
(Fig. 7D; control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, p¼0.0135).
Adolescent En2-CreERT2 Shox2-mutant animals also spent more time
immobile, as compared to controls (Fig. 7E; control n¼8, En2-CreERT2;
Shox2ﬂox/ n¼4, p¼0.006). Adult (90–100 days old) En2-CreERT2;
Shox2ﬂox/ mutant animals were also found to travel less, and at
slower speeds, as compared to controls during open ﬁeld analysis
(Fig. 7H–J; control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, p¼0.0287 and
p¼0.0393, respectively), demonstrating that the deﬁcits in exploratory
activity present in adolescent animals were still present in adults, even
after cerebellar development was complete.
As abnormal cerebellar development is also often associated with
deﬁcits in motor coordination (Coluccia et al., 2004; Lalonde et al.,
1995; Sergaki et al., 2010), we next subjected En2-CreERT2; Shox2ﬂox/
and control animals to gait analysis by examining paw stride width,
in addition to the more widely used test for motor coordination,
the rotarod test. Paw-ink analysis of stride width showed that
adolescent En2-CreERT2; Shox2ﬂox/ animals had a larger base width
for both their fore- and hindpaw strides when compared to the base
width of controls (Fig. 8A–D; control n¼8, En2-CreERT2; Shox2ﬂox/
n¼4, forepaw p¼0.0460, hindpaw p¼0.0190). Adult En2-CreERT2;
Shox2ﬂox/ mutant animals were also found to have a larger forepaw
base width when compared to the base width of control animals
(Fig. 8E–G; control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, p¼0.0029).
Rotarod analysis was performed over two days at ﬁxed speeds of
5 rpm, 10 rpm, and 15 rpm. Adolescent control animals often
reached the maximum testing period of 180 s during the last of
3 trials on the rotating rod regardless of the speed at which the rod
was rotating, while adolescent En2-CreERT2; Shox2ﬂox/ animals
often fell from the rod once the rod was rotating at speeds of
10 rpm or greater (Fig. 8I). Adolescent En2-CreERT2; Shox2ﬂox/
animals were found to stay on the rotarod apparatus for a shorter
period of time, as compared to control animals, when the rod was
rotating at a speed of 15 rpm (Fig. 8I; control n¼8, En2-CreERT2;
Shox2ﬂox/ n¼4, po0.0001). Adult En2-CreERT2; Shox2ﬂox/ animals
were also found to stay on the rotarod apparatus for a shorter per-
iod of time when the rod was rotating at both 10 rpm and 15 rpm
(Fig. 8J; control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, 10 rpm p¼
0.0179, 15 rpm p¼0.0323). During rotarod analysis, all En2-CreERT2;
Shox2ﬂox/ mutant animals also positioned themselves parallel to
the rotating rod, as opposed to perpendicular to the rod like cont-
rol animals (compare Supplementary Movie 1 and Movie 2; control
n¼8, En2-CreERT2; Shox2ﬂox/ n¼4).
Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2014.12.013.
Fig. 7. Open ﬁeld analysis demonstrates that En2-CreERT2; Shox2ﬂox/ animals display reduced exploratory activity as compared to control littermates. (A, B, F and G)
Representative open ﬁeld mouse tracking schematics for adolescent (A and B) and adult (F and G) control (A and F) and En2-CreERT2; Shox2ﬂox/ (B and G) animals. (C and H)
Distance traveled over a 5 min period during open ﬁeld analysis for adolescent (C) and adult (H) control and En2-CreERT2; Shox2ﬂox/ mice (see A, B, F and G), displayed in
meters (plotted values are the mean þ/ S.E.M, control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, adolescent p¼0.0054, adult p¼0.0287). (D and I) Average active speed of
adolescent (D) and adult (I) control and En2-CreERT2; Shox2ﬂox/ mice over a 5 min period during open ﬁeld analysis, displayed in meters per second (plotted values are the
mean þ/ S.E.M, control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, adolescent p¼0.0135, adult p¼0.0393). (E and J) Percent of total time over a 5 min period during open ﬁeld
analysis where adolescent (E) or adult (J) mice were immobile (plotted values are the mean þ/ S.E.M, control n¼8, En2-CreERT2; Shox2ﬂox/ n¼4, adolescent p¼0.006,
adult p¼0.198).
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Given that a number of studies that implicate the cerebellum in
motor coordination and motor learning impairments often involve
disruptions in Purkinje cell elaboration (Bizzoca et al., 2003;
Coluccia et al., 2004; Sergaki et al., 2010), we examined Purkinje
cell organization and dendritic branching in En2-CreERT2; Shox2-
ﬂox/ mutant animals. Purkinje cell organization and dendritic
branching was comparable between En2-CreERT2; Shox2ﬂox/
mutant animals and controls at P3 and P5 (Fig. S6A–D). Golgi
staining of Purkinje cells in adult cerebella revealed that the
overall size of the dendritic tree and width of the molecular
layer was similar between En2-CreERT2; Shox2ﬂox/ mutants and
controls (Fig. S6E–G; Purkinje cells n¼5 per animal, control n¼3,
En2-CreERT2; Shox2ﬂox/ n¼2, p¼0.9131). Using Sholl analysis of
Golgi-stained Purkinje cells from adult animals, we also demon-
strated that the branching pattern and overall health of the
dendritic tree of Purkinje cells was not impaired in Shox2-deﬁcient
animals (Fig. S6H; Purkinje cells n¼10 per animal, control n¼3,
En2-CreERT2; Shox2ﬂox/ n¼2, p¼0.462). Therefore despite nor-
mal cerebellar patterning and Purkinje cell elaboration (Fig. S6),
En2-CreERT2; Shox2ﬂox/ mice display reduced exploratory activity
and wide-based gait, in addition to impaired motor activity and
motor coordination (Figs. 7, 8, Supplementary Movie 1–2).
Fig. 8. Analysis of motor behavior in control and En2-CreERT2; Shox2ﬂox/ mutant animals. (A, B, E and F) Representative paw-ink measurements for adolescent (A and
B) and adult (E and F) control (A and E) and En2-CreERT2; Shox2ﬂox/ mutant (B and F) animals (red ink¼ forepaw prints, blue ink¼hindpaw prints). (C and G) Average
distance between forepaw strides of adolescent (C) and adult (G) control and En2-CreERT2; Shoxﬂox/ mice (see A, B, E and F, red ink), displayed in centimeters (plotted values
are the mean þ/ S.E.M, control n¼8, En2-CreERT2; Shoxﬂox/ n¼4, adolescent p¼0.0460, adult p¼0.0029). (D and H) Average distance between hindpaw strides of
adolescent (D) and adult (H) control and En2-CreERT2; Shoxﬂox/ mice (see A, B, E and F, blue ink), displayed in centimeters (plotted values are the mean þ/ S.E.M, control
n¼8, En2-CreERT2; Shoxﬂox/ n¼4, adolescent p¼0.0190, adult p¼0.1656). (I and J) Rotarod results displaying the average time it took adolescent (I) and adult (J) control and
En2-CreERT2; Shoxﬂox/ animals to fall from the rotating rod at ﬁxed speeds of 5 rotations per minute (rpm), 10 rpm and 15 rpm, over a 180 s testing period (plotted values are
the mean þ/ S.E.M, control n¼8, En2-CreERT2; Shoxﬂox/ n¼4, adolescent: 5 rpm p¼0.2930, 10 rpm p¼0.1230, 15 rpm po0.0001, adult: 5 rpm p¼0.1725, 10 rpm
p¼0.0179, 15 rpm p¼0.0323).
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Discussion
In this study, we used two different Cre drivers in a conditional
knockout strategy to determine the contribution of Shox2 to
cerebellar growth and development. We found that mice lacking
Shox2 function had cerebellar size defects and developed a thinner
IGL, which was accompanied by deﬁcits in motor behavior. Our
results have uncovered an unexpected and novel role for Shox2 in
the CNS. We provide evidence that Shox2 plays an important role
during cerebellar development, and demonstrate that in the
absence of Shox2, mice display both cerebellar impairments and
concomitant deﬁcits in motor coordination.
Defects in isthmus gene expression are unlikely to be a major
contributor to the Shox2-mutant phenotype
Nestin-Cre-mediated deletion of Shox2 in the brain resulted in
mild changes to Fgf8 and Wnt1 expression patterns in the
embryonic isthmus. Moreover, removal of Shox2 function follow-
ing E12.5 and even later at E15.5 in En2-CreERT2; Shox2ﬂox/
animals resulted in the same phenotypic changes in the adult
vermis as removing Shox2 function at E9.5, suggesting that
disruptions in the isthmic organizer are unlikely to account for
the morphological defects apparent in Nestin-Cre; Shox2ﬂox/
animals. While a number of studies have shown that disruptions
in SHH signaling can interfere with Fgf8 and Wnt1 expression
domains in the developing cerebellum (Blaess et al., 2006, 2008),
the majority of Shh and Gli mutants display a more severe
cerebellar phenotype than what we observed (Blaess et al., 2006,
2008; Corrales et al., 2006). Therefore Shox2’s function within the
cerebellum appears to involve later patterning events, likely
during SHH-mediated EGL proliferation and expansion.
Inferior colliculi malformation is often associated with cerebellar
phenotypes in other cases related to Shh and Gli disruption (Blaess
et al., 2006, 2008), and E10.5 limb bud analysis has shown that there
are a number of GLI3 binding sites surrounding Shox2 and in the gene
itself (Vokes et al., 2008), therefore we postulate that GLI3 might
regulate Shox2 expression in the inferior colliculus. Loss of Gli3
function results in a wider inferior colliculus (Blaess et al., 2008),
while loss of Shox2 results in a thinner inferior colliculus. These
complementary results are consistent with a role for GLI3-repressor
in limiting Shox2 expression in this tissue. Therefore, future studies
could examine Shox2 expression in Gli3 mutant animals and deter-
mine if a Gli3 Shox2 double mutant results in recovery of both
phenotypes and normal inferior colliculi morphology.
Shox2 is important for maintaining Shh expression levels in dorsal-
residing Purkinje cells in the vermis of the cerebellum
The mature cerebellum consists of a number of folia that grow and
mature postnatally due to GCP expansion in the EGL, which is
triggered by the release of SHH from Purkinje cells (Corrales et al.,
2004; Lewis et al., 2004). In the rat cerebellum, Bmp4 expression is
ﬁrst detected in the EGL at P4 during granule cell differentiation, and is
maximally expressed from P8 to P10 when differentiated granule
neurons begin to migrate inwards from the EGL to their mature
position in the IGL (Angley et al., 2003). In primary cell culture both
BMP2 and BMP4 can antagonize SHH-mediated proliferation of GCPs
(Rios et al., 2004). Treatment with BMP2 or BMP4 has also been
shown to induce neuronal differentiation in a SHH-driven medullo-
blastoma, ultimately resulting in reduced proliferation of tumors
in vivo (Grimmer and Weiss, 2008). Rios et al. (2004) propose a
model in which BMPs antagonize SHH signaling to promote GCP
differentiation over proliferation. More recently, Xenaki et al. (2011)
have shown that two cell adhesion proteins of the contactin (Cntn)
family, Tag-1 (Cntn2) and F3 (Cntn1), are involved in regulating GCP
proliferation in the EGL. F3 was shown to promote granule cell
differentiation in the EGL by suppressing SHH’s positive regulation of
GCP proliferation, while TAG-1 helps sustain proliferation (Xenaki
et al., 2011). When F3/contactin expression is driven by Tag-1 regula-
tory sequences, the cerebellum is reduced in size during the ﬁrst two
postnatal weeks of development, presumably because of a reduction
in the number of GCPs present in the EGL, and ultimately results in a
thinner IGL (Bizzoca et al., 2003). Despite cerebellar recovery in adult
transgenic Tag-1/F3 mice, these animals display reduced exploratory
activity and impaired motor activity (Coluccia et al., 2004). This is
similar to what was observed in Shox2-mutant animals, and demon-
strates that the timing of expression of these two adhesion molecules
is important for proper cerebellum development and maturation.
Whether BMPs play a role in the regulation or onset of Tag-1 and/or
F3 expression has yet to be examined. Taken together, the literature
strongly supports a model wherein proper postnatal cerebellar growth
and development requires a precise balance between SHH and BMP
signaling; yet the signals that mediate this temporal balance remain to
be elucidated. We suspect that the transcription factor SHOX2 is
involved in the proper interplay between cross-repressive SHH and
BMP signaling patterns. In this study we have shown that SHOX2 is
expressed in Purkinje cells and provide evidence that Shox2 likely
plays an important role during cerebellar development to maintain
proper Shh expression levels, particularly in dorsal-residing Purkinje
cells in the vermis. We have also shown that down-regulation of Shh
expression in Shox2-mutant animals correlates with premature Bmp4
expression in granule cells of the dorsal cerebellum. Premature
activation of BMP signaling could explain the precocious GCP differ-
entiation and migration of granule cells into the IGL that is apparent in
Shox2-mutant cerebella, as constitutively active BMPR1a induces
ectopic granular neurons and cerebellar defects in the chick, including
a decrease in cerebellar folia depth (Ming et al., 2002). Conversely,
mice lacking both Bmpr1a and Bmpr1b function display a large
reduction in granule cell numbers, which further demonstrates the
importance of BMP signaling to the speciﬁcation of granule cells
during cerebellar development (Qin et al., 2006). Since SHOX2 is
capable of both transcriptional activation and repression depending on
the cell type, and more recently has been shown to bind to both the
Bmp4 promoter in Cos-7 and HEK-293 cells (Puskaric et al., 2010) and
regulate Bmp4 expression during chondrogenesis in the limb (Bobick
and Cobb, 2012), it would not be surprising if SHOX2 was involved in
repressing Bmp4 in Purkinje cells or somehow regulating the onset of
Bmp4 expression in the cerebellum. Similar to Shox2-mutant animals,
Skor2 loss-of-function animals display cerebellar defects that most
severely affect development of the vermis. In addition, SKOR2 has both
been shown to directly regulate Shh expression and repress BMP
signaling (Wang et al., 2011). Ultimately, it appears that Shox2 is
required to maintain proper Shh expression levels in the developing
postnatal cerebellum; whether this occurs via direct or indirect
regulation of Shh and whether loss of normal SHH levels or loss of
SHOX2 directly is responsible for the premature onset of Bmp4
expression has yet to be determined. Since this phenotypic effect is
most prominent in the dorsal vermis, factors other than SHOX2 must
contribute to Shh regulation in other regions of the cerebellum, such as
RORα, SKOR2 or other spatially restricted Purkinje cell speciﬁc genes
(Gold et al., 2003; Otero et al., 2014; Wang et al., 2011).
Altered timing of GCP differentiation and migration could inﬂuence
neuronal connectivity and contribute to the behavioral abnormalities
present in Shox2-mutant animals
Shox2-mutant animals displayed reduced exploratory activity,
wide-based gait and deﬁcits in motor coordination despite normal
cerebellar patterning and Purkinje cell elaboration. Our ﬁndings
demonstrate that the loss of Shox2 causes defects during early
postnatal cerebellum development that persist into adulthood,
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ultimately impacting proper cerebellar growth. In the absence of
Shox2, the GCP pool in the EGL likely becomes depleted before the
cerebellum has fully matured, ultimately resulting in a cerebellum
with a smaller vermis and a thinner IGL, which could inﬂuence
proper cerebellar connectivity. As Shox2 was eliminated from both
the inferior collilculus and cerebellum in En2-CreERT2; Shox2ﬂox/
animals, and both structures displayed morphological defects, the
behavioral abnormalities exhibited by Shox2-mutant animals could
be attributed to the inferior colliculus and/or cerebellar dysfunction.
While Shox2 was only lost in the developing inferior colliculus and
cerebellum in En2-CreERT2; Shox2ﬂox/ mutant animals, it is feasible
that developmental disruptions in the inferior colliculus and/or
cerebellum may have led to functional abnormalities in other brain
areas. This could occur via disruptions in paracrine signaling or in
connectivity, therefore it is plausible that aberrance in other parts of
the brain could partially account for the behavioral changes observed
in En2-CreERT2; Shox2ﬂox/ mutant animals. However, as decreases in
speed, distance traveled and overall activity during open ﬁeld
analysis are consistent with other rodent models with cerebellar
defects, these behavioral abnormalities can likely be attributed to
cerebellar impairment (Bizzoca et al., 2003; Coluccia et al., 2004).
Similarly, when mice were subjected to motor coordination tasks
involving a rotating rod, Shox2-mutant animals performed poorly in
comparison to controls; as the scores achieved by Shox2-mutant
mice did not appear to improve over 3 trials, this could indicate
deﬁcits in motor learning in addition to motor coordination. This is
not surprising since a number of studies have implicated the
cerebellum in both motor coordination and motor learning, yet these
motor deﬁcits often involve disruptions in Purkinje cell elaboration
(Bizzoca et al., 2003; Sergaki et al., 2010). Despite normal Purkinje
cell elaboration, adult En2-CreERT2; Shox2ﬂox/ mutant cerebella had
a notably smaller vermis, a narrower DV axis, and possessed a
thinner IGL; defects that are consistent with a smaller population
of granule neurons. As proper granule and Purkinje cell development
and maturation is tightly connected (Carletti et al., 2008; Goldowitz
and Hamre, 1998), it should not be surprising that a cerebellum
consisting of fewer granule neurons could impact granule-Purkinje
cell connectivity and ultimately result in motor deﬁcits. The persis-
tence of motor deﬁcits into adulthood, after cerebellar development
and growth is complete, could reﬂect subtle changes in or modiﬁca-
tions to cerebellar circuitry, which would not necessarily be apparent
by just examining the morphology of the neuronal populations
present in the adult cerebellum. Future work should examine
whether connectivity or signaling between granule and Purkinje
cells is aberrant in Shox2-mutant animals.
Taken together, these results suggest that the granule cells
present in Shox2-mutant cerebella progress through the normal
steps of GCP differentiation and migration as they can be found in
their mature position in the IGL; however, they appear do so in an
accelerated manner, which could account for the morphological
defects present in Shox2-mutant animals. The present study
demonstrates that in the absence of Shox2 mice develop relatively
mild structural defects in the cerebellum, however these subtle
changes in the spatiotemporal control of neural development
manifest into signiﬁcant deﬁcits in motor behavior later in life,
ultimately highlighting the importance of Shox2 to proper CNS
development. The Shox2-mutant model can now be exploited to
further our understanding of normal cerebellar neurogenesis and
circuit formation; processes that are likely dysregulated in many
ataxic disorders.
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